Introduction
The dispersion of radionuclides in the air and their deposition is of great importance in the dose risk assessment and modelling of the radionuclide migration and accumulation in the biosphere.
Since 1978 the environment around the Ignalina Nuclear Power Plant (Ignalina NPP) has been a part of the radioecological monitoring carried out at the Ignalina Radioecolog-ical Monitoring Station of the Institute of Physics (PhI station). Analysis of radionuclide activity concentrations in the ground-level air and deposition in the Ignalina NPP region, using 7 Be, 137 Cs, 60 Co as tracers of air mass, can assist in understanding the radionuclide dynamics in the Ignalina NPP environment [1, 2] . 7 Be is a naturally occurring radionuclide of cosmogenic origin which is formed in the upper troposphere and lower stratosphere [3] . 60 Co is formed in the main circulation circuit of the Ignalina NPP reactor by neutron activation reactions; it permeates through the Ignalina NPP technological barriers and is emitted through the ventilation stacks into the atmosphere with gas-aerosol effluents.
Large quantities of 137 Cs were released from the core of the Chernobyl Unit 4 nuclear reactor during the accident in 1986 and accumulated worldwide in the environment. The resuspension component, that became the dominant source of 137 Cs after 1990, is responsible for the 137 Cs transport with air mass from the Chernobyl accident polluted areas [4] . The Chernobyl Unit 4 nuclear reactor Sarcophagus is an important source of 137 Cs airborne emissions in the Chernobyl NPP 30 km Exclusion zone [5] .
Being released, radionuclides rapidly associate with atmospheric aerosol particles and contribute to the formation and growth of the aerosol accumulation mode (0.05-2 µm diameter), which is a major reservoir of pollutants in the atmosphere. The fate of the carrier determines the fate of the radionuclide.
The application of mathematical models using radionuclides as tracers of air mass transport can be useful in explaining depositional processes in the atmosphere. Recommended by the Comprehensive Nuclear-Test-Ban Treaty Organization [6] , the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is a system for computing air mass trajectories and complex dispersion and deposition simulations using either puff or particle approaches [7] . The meteorological input data for the HYSPLIT model have a temporal resolution of 6 hours, a spatial resolution of about 2.5
• , and are provided at different pressure levels.
The aim of this work is to study the possibility of using a HYSPLIT model of the global dispersion and deposition to explain variations in 137 Cs activity concentration in the ground-level air and deposition in the Ignalina NPP region.
Experiment
In this paper the Ignalina NPP region is a 30 km zone around the assumed centre of the Ignalina NPP Unit 1 and 2 (N 55
• 36'16.5", E 26
• 33'53.4"). Deposition samples were collected at the PhI station (N 55
• 34'33.9", E 26
• 35'24.9") situated at a 3.5 km distance South-East from the Ignalina NPP. A snow sample was collected on 23 January-17 March from a 2 m 2 surface near the PhI station. Rain samples were collected from the 10 m 2 sloping surface during the period of 20 April-5 November. A method of rapid precipitation with the iron hydroxide was used to concentrate radionuclides in deposition samples [2] . Particles in the melted snow or rain sample (particles) were separated using the 0.1 mm diameter pore filter. The filtrate (solution) was treated radiochemically by adding iron (III), cobalt (II), manganese (II) salts and ammonia, adjusting pH ∼ =9. Then the sample was well mixed, left to stay overnight, the solution was decantated, and deposits of metal hydroxides were separated. The decantated solution was additionally evaporated and the yield of the radionuclide in deposits was calculated from a ratio between radionuclide activity detected in deposits and that in the decantated solution. The 137 Cs yield was in the range of 10-20 %, the 60 Co yield was in the range of 75-96 % and that of 7 Be -16-20 %. Samples obtained from all operations were pressed into pellets of standard geometry (diameter 40 mm, height 15-30 mm) and measured by the gamma-spectrometry method (Fig. 1) . The ORTEC portable gamma spectrometer with the coaxial HPGe detector (efficiency 30 %, 1.85 keV/1.33 MeV) and passive shield of 20 cm thick lead, and cadmium and copper layers was used for the gamma spectroscopy. The SNIP (SILENA) multichannel analyzer was used to obtain energy spectra of radionuclides. Radionuclide activity (in cps) and statistical measurement error (1δ standard deviation) were calculated using the EMCAPLUS software. The minimum detectable activity was calculated for 80 000 s live measuring time.
The radionuclide deposition density D was calculated as follows:
or
where D p is the deposition density of the radionuclide in particles (particle deposition density), D s is the deposition density of the radionuclide in the solution (wet deposition density), A p is the activity of separated particles (Bq), A s is the activity of the radionuclide in the solution (rain water or melted snow) (Bq), S is the sampling surface area (m 2 ), I is the atmospheric precipitation amount (mm) per sampling period that corresponds to the volume of the atmospheric precipitation per surface unit (dm 3 m −2 ) during the sampling period and V s is the volume (dm 3 ) of the rain or snow sample. The total deposition density for a certain sampling period was calculated as a sum of the particle and wet deposition density of the radionuclide.
The deposition of radionuclides can be described in terms of the depositional flux F (or particle depositional flux F p ) as
where D is the particle or wet deposition density (Bq m −2 ), v g is the particle deposition velocity (m s −1 ), t is the deposition period (month) calculated by normalizing the sampling period to a month, A V is the airborne activity concentration (Bq m −3 ) and k is a "s −1 to month −1 " factor (2.592×10 6 ). The air filtration equipment for continuous collection of air-borne radionuclides is installed at the PhI station. The high airflow rate of about 1800 m 3 h −1 through the perchlorvinyl Petrianov filters FPP-15-1.5 with an area of 0.9 m 2 was used for aerosol sampling. Filters were pressed into pellets, and activities of radionuclides were measured by the above mentioned gamma-spectrometry method. The minimum detectable activity concentration of 7 Be, 137 Cs and 60 Co was 0.1 µBq m −3 . The solubility in water of aerosols -carriers of radionuclides in the ground-level air was investigated. The pellet of the pressed filter was mechanically ground to powder, and 250 mL of distilled water (pH ∼ =7) was poured. After 18 h of extraction, particles were separated using a "yellow ribbon" filter for medium-size deposits. Separated and dried up remainders of the pellet were pressed into pellets of standard geometry.
Meteorological data (amount of atmospheric precipitation, wind velocity, wind direction) from the Ignalina NPP meteorological station (3-hourly archive data) and the HYSPLIT archive data from the Air Resources Laboratory (the USA) web site [7] (6-hourly archive data) were used to verify the reliability of the HYSPLIT global model to be used on a local scale. The Ignalina NPP wind direction data are given for 40 m above ground level (agl), and that from the HYSPLIT archive for the 10 m height agl. Bearing of a favourable South-East wind from the Chernobyl NPP to the PhI Station is in the interval of 145-155
• . Greenwich Mean Time is used in the text. Data on the 137 Cs emission rate from the Ignalina NPP were provided by the Ignalina NPP Radiation Protection Laboratory. Cs total depositional flux variations cannot be explained only by the global air mass mixing processes, and need to be studied more thoroughly. According to [8] , the 137 Cs total depositional flux was about 1 Bq m −2 month −1 in Thessaloniki in 1992, the source of which was the radionuclide transport with air mass from the Chernobyl NPP accident polluted regions. The Chernobyl accident polluted region could also be a possible distant source of the radiocaesium to the Ignalina NPP region today. The distance between the Chernobyl NPP and the PhI station is 520 km, and between the Chernobyl NPP and Thessaloniki is 1300 km. Be depositional flux variations can be explained by the seasonal mixing of the stratospheric air mass. The 7 Be maximum depositional flux was during winter-spring period, and it coincides with the descending of the stratospheric air mass to the ground.
Results and discussion

Radionuclides in deposition
Variations in the 60 Co depositional fluxes during a year are related to meteorological conditions during the emission of the radionuclide through the Ignalina NPP ventilation stack and its interaction with atmospheric aerosol. In most cases the 60 Co particle depositional flux was near or below the detection limit. The 60 Co wet depositional flux was about 0.1 Bq m −2 during the year. 60 Co particle-to-total depositional flux ratio in deposition was 6 % in January-March and 23 % in July-September.
Apparently, radionuclides are mostly associated with fine aerosol particles, and are washed out with atmospheric precipitation. According to equations (3, 4) the particle deposition rate can be calculated using the radionuclide particle depositional flux and the radionuclide average activity concentration in the ground-level air during the sampling period (Table 2 ). The results show the particle deposition rate for 137 Cs to be in the range of 0.06-0.29 cm s −1 (mean 0.19 ± 0.04 cm s −1 ). In general, values of 137 Cs particle deposition rates have a tendency to increase with the decrease in the amount of atmospheric precipitation (Table 1 and 2): this can be explained by the different intensity and duration of rainfall or snowfall during different sampling periods. There were intense rainfalls of short duration in April-May and rain of much lower intensity but of longer duration in SeptemberNovember.
The 7 Be particle deposition rate was in the range of 0.001-0.002 cm s −1 , and that evidently shows the different origin of aerosols -carriers of 7 Be. The 60 Co particle deposition rate was in the range of 0.21-1.05 cm s −1 . Radionuclide depositional fluxes and deposition densities can be used to verify calculation results of the radionuclide activity concentration distribution in the air and deposition in the Ignalina NPP region using the HYSPLIT model.
137
Cs in the Ignalina NPP region
Results of
137 Cs activity concentration measurements in the ground level air and atmospheric precipitation (snow or rain) in the Ignalina NPP region in 2005 are presented in Figure 2 .
137 Cs activity concentration in the air was in the range of 0.1-4.5 µBq m −3 , with a slight increase in spring and autumn.
137 Cs activity concentration in the atmospheric precipitation (rain or melted snow water) was in the range of 0.005-0.03 Bq dm Table 3 .
The solubility in water of aerosols -carriers of 137 Cs -was in the range of 11-39 %. However, in periods of a favourable South-East wind direction to the PhI station the solubility of aerosols was higher, in the range of 48-69 % (marked bold in Table 3 ). 
Modelling of
137
Cs transport from the Chernobyl NPP region Using the HYSPLIT model, air mass backward trajectories in the Ignalina NPP region were calculated for the cases of increase in 137 Cs activity concentration in the air of more than 5 µBq m −3 . The backward trajectory modelling results show that there was a favourable South or South-East direction of wind (50-100 m agl) to the PhI station during these periods that could bring air mass to the Ignalina NPP region passing over the territories of Ukraine and Belarus.
Air mass transport backward trajectories (for heights of 100, 500 and 1000 m) for the period of 29 October-5 November are presented in Figures 3 a, b. a) b b) Fig. 3 Backward trajectories of air mass to the Ignalina NPP region starting a) from 14:00 29 October, b) from 9:00 4 November coinciding with the start and end of the sampling period of aerosol collected at 12:00 on 30 October -12:00 5 November at the PhI station. An arrow shows the direction of air mass (100 m agl).
137 Cs emission from the Ignalina NPP Unit 1 was in the range of (0.9-1.0)×10
5 Bq day −1 , and from Unit 2 in the range of (0.7-0.9)×10 6 Bq day −1 for the period of 30 October-5 November. The Ignalina NPP air-borne effluents were transported with air mass in the opposite direction to the PhI station, and therefore could not cause an increase in the 137 Cs activity concentration in the air at the PhI station. The meteorological data (wind direction, amount of atmospheric precipitation, average wind velocity) of the Ignalina NPP and that of the HYSPLIT meteorological archive were compared to verify the reliability of the HYSPLIT global model to be used on a local scale (Ignalina NPP region) (Fig. 4) . 1" (the ventilation stack of the Chernobyl NPP Unit 3 and 4) was used in modelling the emission from the Chernobyl NPP Sarcophagus using the HYSPLIT model. The emission from the Chernobyl NPP Sarcophagus for the period from 14:00 29 October to 9:00 4 November that corresponds to the aerosol sampling period from 12:00 30 October to 12:00 5 November at the PhI station was calculated using the HYSPLIT model (Fig. 5 ). The 137 Cs particle deposition rate of 0.2 cm s −1 , calculated above (Table 2) , was used. There was no rain along the trajectory of air mass during this period. that is in agreement with previous works [9] . The experimental 137 Cs activity concentration in the ground-level air at the PhI station on 30 October-5 November, 2005, was 17.4 ± 3.5 µBq m −3 . The modelled activity concentration of the radiocaesium in the ground-level air at the PhI station due to the emission from the Chernobyl NPP Sarcophagus was about 20 µBq m −3 , and that caused by the 137 Cs transport due to the resuspension from the Chernobyl NPP Exclusion zone would be about 10 µBq m −3 . Modelling results show that the Chernobyl NPP Sarcophagus and the radiocaesium resuspension from the Chernobyl NPP accident polluted regions contribute to the increase in the 137 Cs activity concentration in the ground-level air at the PhI station.
PhI station
The deposition in the Ignalina NPP region was calculated for the case of the 137 Cs emission from the Chernobyl NPP Sarcophagus for the period of 29 October-5 November, 2005 (Fig. 6) .
The modelling of 137 Cs deposition shows the deposition density to be about 5×10 
Conclusions
The 137 Cs wet depositional flux was in the range of 0.5-1.7 Bq m −2 month −1 , the particle depositional flux was in the range of 0.005-0.02 Bq m −2 month −1 and the particle deposition rate was in the range of 0.06-0.29 cm s −1 (mean 0.19 ± 0.04 cm s −1 ). The 7 Be wet depositional flux was in the range of 1.8-28.0 Bq m −2 month −1 , the particle depositional flux was in the range of 0.14-0.25 Bq m −2 month −1 and the particle deposition rate was in the range of (0.1 -0.2)×10 −2 cm/s. The 60 Co wet depositional flux was about 0.1 Bq m −2 month −1 , the particle depositional flux was in the range of 0.006-0.03 Bq m −2 month −1 and the particle deposition rate was in the range of 0.21-1.05 cm s −1 . In periods of a favourable South-East wind direction to the PhI station the solubility in water of aerosols -carriers of 137 Cs -was higher than in samples collected in other periods.
The HYSPLIT model of global dispersion and deposition satisfactorily describes the increases in 137 Cs activity concentration in the ground-level air and deposition in the Ignalina NPP region in 2005. Modelling results show that the Chernobyl NPP Sarcophagus and the radiocaesium resuspension from the Chernobyl NPP accident polluted regions are sources of 137 Cs in the ground level air and deposition in the Ignalina NPP region.
